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Abstract: Gastric cancer (GC) is one of the most common malignancies in the world. Fluorouracil (5-FU) is widely
used in the treatment of cancers, but resistance to 5-FU results in the failure of chemotherapy. Phosphoglycerate
dehydrogenase (PHGDH) has been reported to play a vital role in the development of 5-FU resistance in cancer cells.
However, the exact role of PHGDH and the underlying mechanisms for 5-FU resistance in GC cells remain elusive. In
this study, PHGDH expression was much higher in the GC tissues of 5-FU-resistant patients than that in the GC tis-
sues of 5-FU-sensitive patients. Moreover, the expression of PHGDH was obviously increased in BGC823/5-FU cells
compared with that in BGC823 cells. 5-FU treatment significantly reduced the viability of BGC823/5-FU cells, in a
dose- and time-dependent manner. Furthermore, 5-FU treatment inhibited the proliferation of BGC823/5-FU cells,
as evidenced by decreased cell viability and reduced colony-forming ability. The knockdown of PHGDH made pos-
sible the inhibitory effect of 5-FU on the proliferation of BGC823/5-FU cells. Furthermore, 5-FU treatment promoted
apoptosis of BGC823/5-FU cells, as indicated by increased numbers of TUNEL-positive cells and increased rates of
apoptosis. Notably, the promoting effect of 5-FU on the apoptosis of BGC823/5-FU cells was markedly enhanced by
PHGDH knockdown. Additionally, 5-FU treatment downregulated Bcl-2 expression and upregulated the expression
of Bax and caspase-3, and this effect was remarkably enhanced by PHGDH knockdown. In conclusion, knockdown

of PHGDH potentiates 5-FU cytotoxicity in GC cells via the Bcl-2/Bax/caspase-3 signaling pathway.
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Introduction

Gastric cancer (GC) is a kind of malignant tu-
mor that develops in the lining of the stomach.
Globally, GC is the fourth most common type of
cancer and the third leading cause of cancer
deaths, accounting for approximately 952000
new cases annually [1]. GC is difficult to cure
unless it is detected at an early stage. Unfor-
tunately, since GC has no characteristic clini-
cal manifestations in its early stages, most
patients with GC are diagnosed at an advan-
ced stage, which is one of the main reasons
for its high mortality and poor prognosis [2].
Despite substantial improvements in the diag-
nosis and treatment of GC in the last decade,
the 5-year survival rate of patients with GC re-
mains less than 20% [3]. At present, palliative
chemotherapy is widely used for the treatment
of GC. Chemotherapy can reduce the tumor si-
ze, relieve disease symptoms, and increase
survival time [4]. However, most GC cells are

resistant to chemotherapy drugs, which leads
to the failure of chemotherapy [5]. Thus, devel-
oping strategies to improve the chemosensitiv-
ity of GC cells has become a hot topic for can-
cer research.

Phosphoglycerate dehydrogenase (PHGDH) is
a key rate-limiting enzyme in the de novo bio-
synthesis of serine that introduces the glyco-
lytic intermediate 3-phosphoglycerate into ser-
ine and glycine [6]. Serine and glycine released
in the process provide numerous precursor
molecules and other substrates required for
the growth and proliferation of cancer cells [7].
Recently, more and more attention has been
paid to the role of PHGDH in tumor progress-
ion. PHGDH expression has been reported to
be upregulated in a number of human cancers,
such as epithelioid carcinoma [8], glioma [9],
melanoma [10], and breast cancer [11]. Down-
regulation of PHGDH has been shown to strik-
ingly suppress the proliferation, migration, and
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invasion abilities of pancreatic cancer cells by
inhibiting the expression of cyclin B4, cyclin D1,
matrix matalloproteinases-2 and matrix matal-
loproteinases-9 [12]. Knockdown of PHGDH in
breast cancer cells leads to increased oxidant
levels, increased apoptosis and loss of breast
cancer stem cell enrichment under hypoxic
conditions [13]. Notably, PHGDH expression
has been negatively correlated with the 5-year
survival rate of patients with GC [14]. These
observations suggest that PHGDH may be a
new target for cancer therapy.

Fluorouracil, also known as 5-FU, is the most
widely used cytotoxic drug in the treatment of
human cancers. 5-FU can inhibit the synthe-
sis of DNA by interrupting the action of thymi-
dylate synthase. Furthermore, thymidylate syn-
thase methylates deoxyuridine monophospha-
te to form thymidine monophosphate (dTMP).
5-FU treatment leads to a scarcity of dTMP,
ultimately resulting in cell death. Besides, 5-
FU induces cell cycle arrest and inhibits RNA
synthesis [15]. In the past decades, 5-FU tre-
atment has been shown to markedly reduce
GC mortality. However, the efficacy of 5-FU in
patients with GC is limited owing to the deve-
lopment of the 5-FU-resistance. Thus, it is im-
portant for us to find new strategies for over-
coming the 5-FU-resistance in GC.

In this study, we detected the expression of
PHGDH in GC tissues and cell lines (BGC823
and BGC823/5-FU cells). Furthermore, we ex-
plored the effects of PHGDH knockdown on
the proliferation and apoptosis of BGC823/
5-FU cells and its underlying molecular mech-
anisms.

Materials and methods

Patients’ characteristics and clinicopathologi-
cal features

This study received approval from the Ethics
Committee of Zhejiang Cancer Hospital. In all,
29 patients with GC who received 5-FU-based
chemotherapy signed an informed consent be-
fore participating in the project. The treatment
was effective in shrinking the primary tumor
and reducing malignant pleural effusions. 5-
FU-resistant cases were distinguished when
the size of the primary tumor increased, pleu-
ral effusions increased, or tumor cells metas-
tasized within 12 months, otherwise defined
as 5-FU-sensitive (n = 7). The GC tissue sam-
ples were obtained from these patients.
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Cell culture and transfection

BGC823 cells were purchased from the Sh-
anghai Cell Bank of the Chinese Academy of
Sciences (Shanghai, China) and incubated in
an RPMI-1640 medium containing 10% fetal
bovine serum (Solarbio, Beijing, China), 100
pug/ml streptomycin (Solarbio) and 100 U/ml
penicillin (Solarbio) ina 5% CO, incubator at
37°C.

A 5-Fu-resistant BGC823 cell line (BGC823/5-
Fu) was constructed by screening the parent-
al BGC823 cells ina culture medium contain-
ing stepwise increased concentrations of 5-Fu
(Solarbio) for 12 months. When they acquired
resistance to 1 yM 5-FU, the cells were term-
ed as BGC823/5-Fu cells and used for this
study.

To knockdown PHGDH, sh-PHGDH-1 and sh-
PHGDH-2 were transfected into BGC823/5-FU
cells. Forty-eight hours after transfection, BGC-
823/5-FU cells were treated with indicated
concentrations (0, 1, 2, 4, 8, 16, and 32 yM) of
5-FU for 48 h or exposed to 16 uM 5-FU for dif-
ferent durations (24, 48, and 72 h).

Reverse transcription-quantitative polymerase
chain reaction (RT-gPCR)

Total RNA was extracted from the tissues
and cells using TRIzol reagent (Sigma-Aldrich,
Shanghai, China) and reverse transcribed to
cDNA using cDNA synthesis kit (Roche, Pen-
zberg Germany). PHGDH expression was dete-
cted using the ABI Q6 gRT-PCR system (Appli-
ed Biosystems Inc, Foster City, CA, USA). The
primer sequences used in this study were as
follows: PHGDH, forward: 5-CACATTCTTGGGC-
TGAAC-3', reverse: 5-TTATTAGACGGTTATTGCT-
GTA-3’; B-actin forward: 5’-GTCATTCCAAATATG-
AGATGCGT-3, reverse: 5-GCATTACATAATTTAC-
ACGAAAGCA-3'. The relative expression level
of PHGDH was normalized to that of (B-actin
(housekeeping gene) using the 22t method.

Western blot assay

Proteins were isolated with ice-cold RIPA buff-
er and the protein concentrations were quan-
tified using a BCA protein assay kit (Pierce,
Rockford, IL, USA). Cell lysates containing 30
pug of total protein were separated on 10%
sodium dodecyl sulfate-polyacrylamide gels,
and then transferred to polyvinylidene fluori-
demembranes (Millipore Corporation, Billerica,
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FU cells were seeded in a
6-well plate and incubated
*kk with 2 uM 5-FU. After 2 weeks
of incubation, the clones were
fixed in methanol for 20 min,
followed by staining with 0.1%
crystal violet for 30 min at
room temperature. The num-
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Figure 1. PHGDH expression is significantly upregulated in 5-FU-resistant
GC tissues and cells. A. The mRNA expression of PHGDH in the GC tissues
of 5-FU-sensitive (n = 22) and 5-FU-resistant patients (n = 7). B. The mRNA
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BGC823 BGC823/5-FU

ber of cell colonies with a
diameter larger than 0.1 mm

BGC823/5-FU

- was counted under an optical

microscope (Leica Microsys-
tems, Wetzlar, Germany).

Terminal deoxynucleotidy!
transferase dUTP nick end
labeling (TUNEL) assay

expression of PHGDH in BGC823 and BGC823/5-FU cells. C. The protein

expression of PHGDH in the GC tissues of 5-FU-sensitive (n = 22) and 5-FU-
resistant patients (n = 7). D. The protein expression of PHGDH in BGC823

and BGC823/5-FU cells. **P<0.01, ***P<0.001.

MA, USA). Membranes were blocked with 5%
skim milk, immunoblotted overnight at 4°C
with primary antibodies against PHGDH (Novus
Biologicals, Littleton, CO, USA), Bcl-2 (Abcam,
Cambridge, MA, USA), Bax (Abcam), caspase-3
(Abcam), and B-actin (Santa Cruz Biotechno-
logy, Santa Cruz, CA, USA), and then incubat-
ed with horseradish peroxidase-conjugated
secondary antibody (Boster, Wuhan, China) for
2 h at 25°C. Immunoreactivity was detected
using ECL (Pierce) and the intensity of the
protein bands was quantified with the Image J
software.

Cell counting kit-8 (CCK-8) assay

The viability of BGC823/5-FU cells was deter-
mined using the CCK-8 assay (Solarbio) in
accordance with the manufacturer’s instruc-
tions. At 48 h after transfection, BGC823/5-
FU cells were treated with indicated concen-
trations (0, 1, 2, 4, 8, 16, and 32 yM) of 5-FU
for 48 h or exposed to 16 uM 5-FU for differ-
ent durations (24, 48, and 72 h). CCK-8 (10 ul)
was added to each well, followed by incubation
ina 5% CO, incubator at 37°C. The absorbance
was measured at 450 nm using a microplate
reader (Thermo Scientific, Waltham, MA, USA).

Colony formation assay

The colony-forming ability of BGC823/5-FU
cells was evaluated using a colony formation
assay. At 48 h after transfection, BGC823/5-
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A TUNEL assay was carried
out to assess cell apoptosis in
BGC823/5-FU cells using an
In Situ Cell Death Detection
Kit (Roche). At 48 h after transfection, BGC-
823/5-FU cells were incubated with 16 yM
5-FU for 48 h. BGC823/5-FU cells were fixed
for 1 h in 4% paraformaldehyde, followed by
permeation with 0.1% Triton X-100 for 6 min.
Then, BGC823/5-FU cells were stained with
the TUNEL reaction mixture for 1 h at 37°C.
After washing with phosphate buffered saline
(PBS), the cells were incubated with 4’,6-diamid-
ino-2-phenylindole (DAPI; Solarbio) for 5 min at
room temperature in the dark. The percentage
of TUNEL positive cells was quantified using a
confocal microscope (Leika, Germany).

Flow cytometry

Apoptosis of BGC823/5-FU cells was evaluat-
ed by flow cytometry using an Annexin V-FITC/
propidium iodide (Pl) apoptosis detection kit
(Solarbio). In brief, BGC823/5-FU cells trans-
fected with sh-PHGDH were incubated with 16
MM 5-FU for 48 h. BGC823/5-FU cells were
rinsed with PBS and resuspended in a binding
buffer (1x). Subsequently, BGC823/5-FU cells
were stained for 10 min with Annexin V-FITC
and incubated for 5 min with Pl in the dark at
room temperature. After resuspending in PBS,
cells were analyzed by flow cytometry.

Statistical analysis

All data were presented as the mean + stan-
dard deviation (SD). The Student’s t-test or one-
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Figure 2. Knockdown of PHGDH inhibits the proliferation of BGC823/5-FU
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and protein expression levels
of PHGDH in the GC tissues
of 5-FU-sensitive (n = 22) and
5-FU-resistant patients (n = 7)
were determined by RT-gPCR
and Western blot assays. Re-

o sults showed that the mRNA

o

& and protein expression levels

of PHGDH were much higher
in the GC tissues of 5-FU-re-
sistant patients than that in
the GC tissues of 5-FU-sen-
sitive patients (Figure 1A and
1C). To confirm the differen-
tial expression of PHGDH, we
determined the mRNA and
protein levels of PHGDH in
BGC823 and BGC823/5-FU
cells. Compared with the
BGC823 cells, the mRNA and
protein levels were markedly
increased in the BGC823/5-
FU cells (Figure 1B and 1D).
Therefore, these findings sug-
*x gest that PHGDH expression
is markedly upregulated in 5-
FU-resistant GC tissues and

Fekek

9‘@\0 ?\’\60 cells.
o7 Knockdown of PHGDH in-
hibits the proliferation of
BGC823/5-FU cells

cells. A and B. sh-PHGDH-1, sh-PHGDH-2 or sh-NC plasmid was transfected

into BGC823/5-FU cells. The expression of PHGDH was determined by RT-
qPCR and western blot analysis. C. BGC823/5-FU cells were incubated with
indicated concentrations (0, 1, 2, 4, 8, 16, and 32 uM) of 5-FU for 48 h, and
the viability of BGC823/5-FU cells was measured by a CCK-8 assay. D. At 48
h after transfection with sh-PHGDH-1, BGC823/5-FU cells were exposed to
16 uM 5-FU for different durations (24, 48, and 72 h) and their viability was
measured by a CCK-8 assay. E. After 2 weeks of treatment with 2 uM 5-FU,
the colony-forming ability of BGC823/5-FU cells was analyzed by a colony

formation assay. *P<0.05, **P<0.01, ***P<0.001.

way analysis of variance was utilized for sta-
tistical analyses of the data. All statistical anal-
yses were performed using SPSS statistical
software version 20.0 (SPSS Inc, Chicago, IL,
USA). A P-value of 0.05 or less was considered
statistically significant.

Results

PHGDH is significantly upregulated in 5-FU-
resistant GC tissues and cells

To investigate the role of PHGDH in the develop-
ment of 5-FU resistance in GC cells, the mRNA
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To investigate the effect of
PHGDH on the proliferation of
BGC823/5-FU cells, we per-
formed loss-of-function exper-
iments by transfecting BGC-
823/5-FU cells with sh-PHG-
DH-1, sh-PHGDH-2, or sh-NC.
As illustrated in Figure 1A
and 1B, the inhibitory effects
of sh-PHGDH-1 and sh-PHGDH-2 on PHGDH
MRNA and protein levels were validated by
RT-gPCR and western blot analysis, respective-
ly. The mRNA and protein levels of PHGDH were
much higher in the sh-NC group than those in
the sh-PHGDH group, especially in the sh-PHG-
DH-1 group (Figure 2A and 2B). Therefore, the
sh-PHGDH-1 plasmid was selected for the fol-
lowing experiments. At 48 h after transfection,
BGC823/5-FU cells were incubated with the
indicated concentrations (0, 1, 2, 4, 8, 16, and
32 puM) of 5-FU for 48 h or treated with 16 yM
5-FU for different duration (24, 48, and 72 h).
As detected by the CCK-8 assay, the 5-FU treat-
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Figure 3. Knockdown of PHGDH promotes apoptosis in BGC823/5-FU cells.
TUNEL assay (A) and flow cytometry (B) were carried out in BGC823/5-FU
cells transfected with sh-PHGDH-1, following exposure to 16 uM 5-FU for 48

h. #*pP<0.01, ***P<0.001.

ment significantly reduced the viability of BGC-
823/5-FU cells in a concentration-dependent
manner (Figure 2C). Thus, a dose of 16 uM of
5-FU was chosen for the following experimen-
ts. Furthermore, the viability of BGC823/5-FU
cells was markedly reduced at 48 and 72 h
post 5-FU treatment (Figure 2D). Simultane-
ously, a colony formation assay was performed
on BGC823/5-FU cells transfected with sh-
PHGDH-1, following exposure to 2 yM 5-FU for
2 weeks. The 5-FU treatment obviously decrea-
sed the colony-forming ability of the BGC-823/
5-FU cells, which was significantly enhanced by
the knockdown of PHGDH (Figure 2E). Collec-
tively, these results indicated that the knock-
down of PHGDH inhibited the proliferation of
the BGC823/5-FU cells.

Knockdown of PHGDH promotes apoptosis of
BGC823/5-FU cells

To explore the effect of PHGDH knockdown on
the apoptosis of BGC823/5-FU cells, we mea-
sured the number of apoptotic BGC823/5-FU
cells using the TUNEL assay and flow cytome-
try. At 48 h post transfection, BGC823/5-FU
cells were treated with 16 uM 5-FU for 48 h.
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Hk The results demonstrated th-
at 5-FU treatment promoted
apoptosis in BGC823/5-FU
cells as evidenced by the in-
creased numbers of TUNEL-
positive cells and increased
rates of apoptosis. Notably,
the promoting effect of 5-FU
on the apoptosis of BGC-
% 823/5-FU cells was promi-
& nently enhanced by the kno-

*k ckdown of PHGDH (Figure 3A
and 3B). Taken together, the-
se results suggest that the
knockdown of PHGDH pro-
motes apoptosis in BGC823/
5-FU cells.

—

Knockdown of PHGDH down-
regulates Bcl-2 expression
and upregulates the expres-
o< sion of Bax and caspase-3

To further confirm whether
PHGDH participates in 5-FU-
mediated apoptosis by mo-
dulating the Bcl-2/Bax/cas-
pase-3 signaling pathway, we
performed RT-gPCR and Western blot assays to
analyze the expression of Bcl-2, Bax, and cas-
pase-3 in BGC823/5-FU cells transfected with
sh-PHGDH-1, following exposure to 16 pM 5-FU
for 48 h. 5-FU treatment significantly downreg-
ulated the mRNA and protein levels of Bcl-2
and upregulated those of Bax and caspase-3,
and this effect was markedly potentiated by the
knockdown of PHGDH (Figure 4A-D). Taken
together, our findings revealed that the knock-
down of PHGDH downregulated Bcl-2 expres-
sion and upregulated the expression of Bax and
caspase-3.

Discussion

Important findings in the last decade have re-
vealed that metabolic reprogramming may play
an essential role in the occurrence and devel-
opment of human cancers [16]. Tumor gro-
wth is maintained via aerobic glycolysis, also
called the Warburg affect [17]. Moreover, meta-
bolic reprogramming promotes the accumula-
tion of biomass and the growth of cancer cells
through modifications in the genomes of meta-
bolic enzymes [18]. Conversely, the inhibition of
metabolic enzymes can repress the growth of

Int J Clin Exp Pathol 2018;11(12):5869-5876
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Figure 4. Knockdown of PHGDH downregulates Bcl-2 expression and up-

bitory effect of 5-FU on the
proliferation of BGC823/5-FU

regulates the expression of Bax and caspase-3. At 48 h after transfection cells.
with sh-PHGDH-1, BGC823/5-FU cells were exposed to 16 uM 5-FU for 48

h. The mRNA expression levels of Bcl-2 (A), Bax (B), and caspase-3 (C) were
examined by RT-qPCR. (D) The protein levels of Bcl-2, Bax, and caspase-3
were detected by western blot analysis. *P<0.05, **P<0.01.

cancer cells. Therefore, research on metabolic
enzymes holds great promise.

Resistance to chemotherapy drugs often oc-
curs during the treatment of cancers and can
be attributed to most cancer-related deaths.
Growing evidence suggests that PHGDH plays
a crucial role in the development of drug resis-
tance. For instance, Zaal and colleagues dem-
onstrated that PHGDH upregulated inbortezo-
mib (BTZ)-resistant cell lines (BTZ/7 and BTZ/
100 cells). Moreover, BTZ resistance is closely
correlated with the overexpression of PHGDH
[19]. Zhang and colleagues suggested that the
inhibition of PHGDH caused doxorubicin-indu-
ced oxidative stress and increased the sensi-
tivity of triple-negative breast cancer cells to
doxorubicin [11]. Jing and colleagues found
that PHGDH was highly expressed in cervical
adenocarcinoma, which was associated with
tumor size and prognosis. Knockdown of PH-
GDH in Hela cells obviously suppressed cell
proliferation and enhanced their sensitivity to
cisplatin through the downregulation of Bcl-2
and the upregulation of cleaved caspase-3
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Apoptosis is a genetically
coded program of cell death
that maintains homeostasis,
which is strictly regulated by
polygenes [21]. Chemotherapeutic agents exert
their curative effect by inducing apoptosis in
cancer cells. Thus, the induction of apoptosis in
cancer cells has become a hotspot for the
treatment of cancer [22]. Under normal condi-
tions, the pro- and anti-apoptotic proteins are
metastable in organisms [23]. The Bcl-2 protein
family is a core member of the apoptosis gene
family, which is regarded as the primary modu-
lator of cell apoptosis [24]. Bax, a pro-apoptotic
protein, functions as an apoptotic activator and
induces the opening of the mitochondrial volt-
age-dependent anion channel, which results in
the release of cytochrome ¢ and activation of
caspase [25]. Bcl-2, an anti-apoptotic protein,
can restrain cell apoptosis by binding pro-apop-
totic proteins, such as Bax [26]. Caspase-3, the
main executioner caspase in apoptosis, is acti-
vated by proteolytic cleavage, which in turn in-
duces apoptosis [27]. In this study, the results
of a TUNEL assay and flow cytometry reveal-
ed that 5-FU treatment markedly increased
BGC823/5-FU cell apoptosis, which was promi-
nently enhanced by the knockdown of PHGDH.
Additionally, 5-FU treatment strikingly down-

Int J Clin Exp Pathol 2018;11(12):5869-5876
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regulated the mRNA and protein levels of Bcl-2
and upregulated those of Bax and caspase-3,
and this effect was markedly potentiated by
knockdown of PHGDH.

Taken together, our results suggest that PH-
GDH expression is upregulated in 5-FU-resis-
tant tissues and cells. The knockdown of PH-
GDH represses cell proliferation, promotes cell
apoptosis, and restores 5-FU sensitivity in BG-
C823/5-FU cells. Moreover, the knockdown of
PHGDH downregulates Bcl-2 expression and
upregulates the expression of Bax and cas-
pase-3. Therefore, these findings suggest that
5-FU resistance in GC cells might be combated
by targeting PHGDH, which may serve as a
novel therapeutic target for GC.
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